The interrelationship between malignant epithelium and the underlying stroma is of fundamental importance in tumour development and progression. In the present study, we used cancer-associated fibroblasts (CAFs) derived from genetically unstable oral squamous cell carcinomas (GU-OSCC), tumours that are characterized by the loss of genes such as TP53 and p16INK4A and with extensive loss of heterozygosity, together with CAFs from their more genetically stable (GS) counterparts that have wild-type TP53 and p16INK4A and minimal loss of heterozygosity (GS-OSCC). Using a systems biology approach to interpret the genome-wide transcriptional profile of the CAFs, we show that transforming growth factor-β (TGF-β) family members not only had biological relevance in silico but also distinguished GU-OSCC-derived CAFs from GS-OSCC CAFs and fibroblasts from normal oral mucosa. In view of the close association between TGF-β family members, we examined the expression of TGF-β1 and TGF-β2 in the different fibroblast subtypes and showed increased levels of active TGF-β1 and TGF-β2 in CAFs from GU-OSCC. CAFs from GU-OSCC, but not GS-OSCC or normal fibroblasts, induced epithelial-mesenchymal transition and down-regulated a broad spectrum of cell adhesion molecules resulting in epithelial dis-cohesion and invasion of target keratinocytes in vitro in a TGF-β-dependent manner. The results demonstrate that the TGF-β family of cytokines secreted by CAFs derived from genotype-specific oral cancer (GU-OSCC) promote, at least in part, the malignant phenotype by weakening intercellular epithelial adhesion.
Introduction
Intercellular adhesion plays a major structural role in epithelial integrity and is altered in malignancy. Specifically, impairment of cohesion between cells and altered expression of adhesion molecules in epithelial cancers determine an invasive behaviour and are associated with poor prognosis, respectively (1, 2) . This suggests that the weakening of cell-cell adhesion strength is a feature associated with tumour progression.
Our current understanding of the molecular biology of head and neck cancer, including oral squamous cell carcinoma (OSCC), relates almost exclusively to tumour epithelium. Malignant keratinocytes, however, are heterogeneous. In colorectal cancer, for example, subtypes with microsatellite or chromosomal instability, or neither, have been reported (3) . In OSCC, genetically stable (GS-OSCC) and genetically unstable (GU-OSCC) variants have been identified and characterized in cell culture (4) . In contrast to the stable variants (GS-OSCC), malignant keratinocytes from GU-OSCC are characterized by TP53 and CDKN2A/p16 INK4A dysfunction, telomerase activation, frequent inactivation of the NOTCH1 canonical pathway and extensive loss of heterozygosity (4) . Furthermore, there is evidence to show that the GS-OSCC and GU-OSCC genotypes have biological relevance in vivo, because the GU-OSCC tumour group have a worst prognosis than GS-OSCC (5) . Further, CDKN2A/p16
INK4A
deletions are detectable in vivo using in situ techniques (6) . With respect to GS-OSCC keratinocytes, it is possible that they are normal contaminants of the tumour tissue, but these cells have an altered transcriptional profile (5) and are resistant to suspension-induced terminal differentiation (5) . If the GS-OSCC and GU-OSCC variants have biological relevance, therefore, they may be important with regard to clinical diagnosis, behaviour, treatment and prognosis in OSCC.
It is now recognised that solid tumours are not simply clonally evolved epithelial cells that have accumulated a critical number of mutations but rather act as dysfunctional tissues where the mesenchymal component plays a critical role in tumour pathogenesis (3) . The non-malignant cells, together with the extracellular matrix, constitute the tumour stroma and pre-eminent in the stroma are cancer-associated fibroblasts (CAFs). Cancers metastasize by a series of distinct steps that include invasion, intravasation, extravasation and, ultimately, colonization. Epithelial-mesenchymal transition (EMT), a process in which epithelial integrity is lost and mesenchymal attributes are acquired (7) , is thought to play a fundamental role in tumour progression. Although the role of EMT has been questioned recently, the fact remains that there is convincing morphological evidence that EMT is present at the invasive front of human tumours. Furthermore, EMT is dynamic, which suggests that the tumour stroma may be pivotal in its regulation, a proposal that requires verification. It is important, therefore, to confirm that CAFs regulate EMT and also to understand the mechanisms by which this occurs.
Recently, we isolated CAFs from GS-OSCC and GU-OSCC and demonstrated that they had distinct transcriptional profiles (8) . In GU-OSCC, but not GS-OSCC, malignant keratinocytes induced high levels of senescence in CAFs, which, in turn, induced target keratinocytes to invade collagen gels in vitro (9) . This suggests that the epithelial-mesenchymal crosstalk occurring in GU-OSCC involves paracrine signals in the microenvironment. CAFs are known to secrete numerous growth factors, chemokines and cytokines as well as modulating the extracellular matrix through protease activity. Senescent fibroblasts, for example, produce a characteristic secretome termed the senescence-associated seceretory phenotype (10) that consists of both soluble and insoluble factors that have the capacity to promote the invasion of transformed cells (11) . The key molecules that are secreted by CAFs from GU-OSCC and that are instrumental in inducing epithelial invasion have yet to be identified.
In the present study, we used a systems biology approach to interpret a genome-wide transcriptional profile of CAFs derived from OSCC. We show that members of the TGF-β family of cytokines distinguish CAFs from GU-OSCC and GS-OSCC and from normal oral fibroblasts. We show that CAFs from GU-OSCC overexpress TGF-β1 and TGF-β2 and induce EMT; in addition, they promote a widespread reduction in the expression of cell-cell adhesion molecules and disrupt epithelial cohesion and initiate keratinocyte invasion in vitro in a TGF-β-dependent manner.
Materials and methods

Cell lines and strains
The cells used for this study were collected and isolated at Bristol Dental School, University of Bristol, UK (H series) and Beatson Laboratories, Glasgow, UK (BICR series). All of the cell lines/strains were derived prior to 2001 and therefore were not subject to Ethical Committee approval in the UK. All of the OSCCs were human papillomavirus negative. Keratinocytes were derived from OSCC (H357, H103), SCC (HaCaT-II3), and normal skin (HaCaT). The fibroblasts used in this study were derived from normal oral mucosa (NHOF-1, NHOF-2, NHOF-4, NHOF-5, NHOF-6, NHOF-7), GS-OSCC (BICR-30F, BICR-59F, BICR-66F, BICR-69F, BICR-70F, BICR-71F, BICR-73F, BICR-80F) and GU-OSCC (H314F, H357F, H413F, BICR-3F, BICR-18F, BICR-31F, BICR-63F, BICR-68F, BICR-78F, BICR-82F). The mesenchymal origin of the fibroblast strains was confirmed by positive and negative labelling with vimentin and pan-cytokeratin/ keratin 14 antibodies, respectively. In contrast, the origin of the keratinocyte lines was confirmed by positive and negative labelling with pan-cytokeratin/ keratin 14 antibodies and vimentin, respectively (8, 9) . We are confident that the fibroblasts are normal because preliminary data from genome-wide copy number analysis have shown that all of the strains have a normal gene copy number (N.Thakker and E.K.Parkinson, unpublished observations). Furthermore, in the many studies where OSCC have been examined in vivo, we have never seen elevated levels of p53 indicative of p53 mutations.
Culture conditions
Details of the keratinocyte cell lines and fibroblast strains have been documented previously (8, 9) . Fibroblasts were cultured in Dulbecco's modified Eagle's medium supplemented with 10% (v/v) fetal bovine serum and 2 mM l-glutamine and grown in a humidified atmosphere of 5% carbon dioxide/95% air; cells were examined at passages <12. Keratinocytes were cultured in Dulbecco's modified Eagle's medium-F12 supplemented with 10% (v/v) fetal bovine serum and 0.5 μg/ml hydrocortisone; cells were grown under the same standard conditions (5% carbon dioxide, 37°C).
In certain experiments, 1 × 10 4 normal fibroblasts (NHOF1) were seeded into 60 mm culture dishes, grown until 60% confluent and then treated with 600 μM hydrogen peroxide (H 2 O 2 ; BDH) for 2 h each day for 5 days. The cells were recovered in fresh culture media for 5 days before use. Previous studies demonstrated induction of fibroblast senescence using this protocol (9) , and therefore, the cells were used as positive controls for the non-proliferative, senescent GU-OSCC CAFs.
Collection of conditioned media
Cells were grown in 75 cm flasks until they were 70-90% confluent, washed with serum-free media (×3) and phosphate-buffered saline (PBS; ×3) and then incubated in serum-free media for a further 48 h. The conditioned media (CM) was centrifuged at 800g for 5 min to remove dead cells. The viable attached cells were trypsinised and counted; the CM was normalized for 0.5 × 10 6 fibroblasts. CM was stored at −20°C.
Neutralization of TGF-β in fibroblast CM
To neutralize TGF-β in fibroblast CM, monoclonal antibodies to TGF-β1, -β2 and -β3 (R&D Systems, cat no. MAB1835), TGF-β1 (R&D systems, cat no.AB-101-NA) or TGF-β2 (R&D systems, cat no. AB-12-NA) were added to CM at concentrations of 5, 0.5 and 1μg/ml, respectively, and incubated for 30 min at 37°C. CM was used immediately. 
Abbreviations
Network construction and analysis
The transcriptome of OSCC CAFs (9) was interrogated using a systems biology approach, as described by ourselves and others (12) (13) (14) (15) . Briefly, in order to prepare a protein interaction map of genes differentially expressed in CAFs, protein-protein interaction (PPI) networks were examined through functional protein association network (STRING) and confirmed by literature searches (PubMed). Only PPI with the highest confidence (0.9 and above) were included. To identify which genes in the databases corresponded to the genes listed in the microarray data, we used either the gene symbol or the SwissProt entry name shown in the protein databases. Proteins and their PPIs were combined to form networks and subnets using Cytoscape 3.4. The resulting network was visualized as a series of graphs in which each node (N) represented a protein and the interactions between proteins were shown by edges (E) in the graph.
We used the differentially transcribed genes (DTG) from our gene expression profile data (8) to build two PPI networks: in the first one, nodes were represented by DTG corresponding to putative secreted molecules with the highest fold change (FC), i.e. logarithmic FC > 3; these nodes were named highly up-regulated secretory molecules (huSM). The second network, of the same size as the first, was made of DTG corresponding to putative secreted molecules with the lowest significant FC, i.e. logarithmic 2 < FC < 3; these nodes were termed mildly up-regulated secretory molecules (muSM). The average number of connections for each group of DTG was used to describe the degree of connectivity (k). The average connectivity (k) of a whole network was calculated as k = 2E/N, corresponding to the average number of interactive partners for each protein.
Western blotting
Protein extraction and western blotting were undertaken using standard protocols. A list of primary antibodies, concentrations and suppliers is shown in Table 1 . Selected proteins were detected using Amersham enhanced chemiluminescence Western Blotting Detection Reagent (Amersham Biosciences, UK) and exposed to radiographic film (Kodak, UK).
In-cell western blotting (In-cell enzyme-linked immunosorbent assay)
In-cell western blotting was performed as described previously (16) . First, 2.5 × 10 4 cells were seeded into each well of 96 well plates, fixed in cold (−20°C) methanol for 20 min, washed with PBS (3×) and permeabilized with 0.1% Triton for 10-15 min. After washing with PBS (3×), a blocking solution consisting of 3% bovine serum albumin (BSA) in PBS was added for 1 h. The samples were incubated with the appropriate primary antibody (1:100 in 2% BSA/PBS) for 3 h, washed in 3% BSA/PBS and then exposed to specific secondary antibodies (1:10 000 in 2% BSA/PBS) conjugated to horseradish peroxidase for 1 h. After washing with PBS (3×), the enhanced chemiluminescence mixture was added for 5 min in a dark room and the protein expression was quantified at 415 nm using the ELx808 microplate reader (BioTek Instruments). Negative controls included omission of primary antibody. The readings of protein expression in each well were normalized according to the readings of the negative control.
Enzyme-linked immunosorbent assay
CM from fibroblasts were collected as described previously. The production of TGF-β1 and TGF-β2 was assessed with a TGF-β Parameter Assay kits (R&D Systems, Minneapolis, MN) and quantified at 415 nm with the EL×808 microplate reader (BioTek Instruments, Winooski, VT) according to the manufacturer's instructions.
Immunofluorescence microscopy
Immunofluorescence microscopy was performed as reported by us previously (17) , with minor modifications. Briefly, the cells were cultured onto four-well plates (Nunc™ Cell-Culture Treated Multidishes, Thermo Fisher Scientific) in standard conditions and at 60% of confluency were treated as reported in the text. Cells were fixed with 100% ice-cold methanol for 10 min at 4°C and then incubated with 0.5 μg/ml of Hoetstch staining (H6024, Sigma-Aldrich) for 30 min at 4°C and then blocked with 5% BSA-PBS solution at 4°C for 60 min. The samples were then incubated overnight at +4°C with E-cadherin/CDH1 antibody (FITC conjugate, A15757, Thermo Fisher Scientific) at a 1/100 dilution in 2% BSA-PBS, and with anti-vimentin antibody (Ab154207, Abcam's RabMAb®) at a 1/1000 dilution in 2% BSA-PBS. All intermediate washing steps were performed with PBS. Images were taken with a fluorescence microscope (EVOS™ FLoid™ Cell Imaging Station, Life technologies).
Epithelial adhesion
Desmosomal adhesion is crucial for epithelial cells (18) and intercellular adhesion can be specifically measured using the dispase dissociation assay (16) . First, 1 × 10 4 keratinocytes were cultured in six-well plates under standard conditions until ~95% confluent. The culture media were decanted, the cells washed with PBS (3×) and then incubated with 4 ml fibroblast CM for 48 h. The fibroblast CM was decanted from the keratinocyte cultures, and the cells were washed with PBS (2×). Then, the keratinocytes were incubated with 2 ml 0.5% Dispase II (Sigma-Aldrich) at 37°C for 15-20 min such that they were separated from the base of the culture dish as a single sheet. The dispase was carefully decanted, and the cell sheet was gently washed with 3 ml PBS prior to transferring to universal tubes containing 4 ml PBS. The tubes were then sealed and shaken by hand up and down (×20). The content of each tube was returned back to the six-well plates where 10μl crystal violet was added and the total number of detached fragments was counted. The number of detached fragments (>3 mm), determined by placing the six-well plate over a grid on a white paper, was taken as a measure of intercellular keratinocyte adhesive strength.
Epithelial invasion
Epithelial invasion was examined as described in detail previously (8) .
Statistics
Unless otherwise indicated, the experiments were repeated 3×; the values cited were the mean of the repeats ± SD. Data were analysed using the one-way analysis of variance with Tukey`s multiple comparison test being used as a post-test. P < 0.05 was considered statistically significant.
Results
Interactome-transcriptome analysis of the putative secreted molecules
Of the 132 genes differentially expressed in CAFs versus normal fibroblasts, 61 were up-regulated and of these, 16 (~26%) were (19) . When compared with an interactome formed by four nodes selected randomly in the CAF up-regulated genes, the huSM interactome displayed a larger size (87 versus 60) but still higher connectivity (14.9 versus 10.07). We then investigated whether the huSM nodes formed a network with different properties than those displayed by the putatively secreted molecules with low FC (muSM). muSM failed to form a single network (Supplementary Figure 1 , available at Carcinogenesis Online) as the four nodes either did not interact among each other (STC2, SPOCK1, SERPINE2) or did not have binding partners within the set confidence parameters (CTGF). Overall, this analysis suggests that the most up-regulated secreted molecules in CAFs form a network that is highly interconnected and, therefore, likely to have biological relevance (14) .
CAFs secrete TGF-β1 and TGF-β2
As huSM nodes were TGF-beta family members, we investigated whether TGF-beta isoforms were secreted by CAFs, as predicted by gene expression data. To do so, we determined TGF-β1 and TGF-β2 protein levels in CM from CAFs derived from GS-OSCC and GU-OSCC, fibroblasts from normal oral mucosa (NHOF) and malignant keratinocyte cell lines; H 2 O 2 -treated normal fibroblasts were used as a positive control of GU-OSCC CAFs (8) . We show that both TGF-β1 and TGF-β2 were overexpressed by CAFs derived from GU-OSCC relative to GS-OSCC, normal fibroblasts and keratinocyte lines (Figure 2A and B).
CAFs from GU-OSCC induce EMT
TGF-β is a well-known inducer of EMT. To examine the capacity of CAFs to induce EMT, we treated a partially transformed keratinocyte cell line (H357) with CM from senescent and nonsenescent fibroblasts. We show that CM from GU-OSCC CAFs (H357F), but not GS-OSCC CAFs (BICR66F), caused depletion of E-cadherin and up-regulation of vimentin ( Figure 3A) . The molecular alterations were associated with typical morphological changes such that the keratinocytes assumed a fibroblastlike appearance ( Figure 3B ). H 2 O 2 -treated NHOF1 and untreated NHOF1 served as positive and negative controls, respectively, for the senescent CAFs derived from GU-OSCC. Induction of EMT was then confirmed by immunofluorescence using different CAF strains (Figure 4 and Supplementary Figure 2 Taken together, these data showed that GU-OSCC CAFs induce EMT in target cancer cells.
CAFs from GU-OSCC inhibit keratinocyte adhesion
To determine whether CAFs inhibited the expression of adhesion molecules other than E-cadherin, we used an in-cell enzyme-linked immunosorbent assay to show that CM from GU-OSCC CAFs (H357F), but not GS-OSCC CAFs (BICR66F), caused decreased expression of E-cadherin, Desmoglein 1 and 3 (DSG1 and DGS3), Desmoplakin (DSP) and Desmocollin (DSC) in H357 ( Figure 5A ). Similar findings were noted with H103 and HaCaT-II-3 malignant keratinocytes (Supplementary Figure 3, available at Carcinogenesis Online), but the effect was more pronounced in H357. The results were confirmed by canonical Western blot analysis, which showed a major decrease in the expression of cadherins and DSP ( Figure 5B ).
The consequences of CAF-induced down-regulation of keratinocyte adhesion molecules were examined in a wellestablished functional assay of intercellular adhesion strength (16) . We show that CM from GU-OSCC CAFs (H357F), but not GS-OSCC CAFs (BICR66F) or normal fibroblasts, reduced the cohesive strength of malignant keratinocytes (H357) as shown by the increase in the number of small fragments ( Figure 5C and D). Similar effects were noted using different target keratinocyte lines (H103, HaCaT-II3) treated with CM from H357F and BICR66F (Supplementary Figure 3 , available at Carcinogenesis Online).
In view of the close association between intercellular epithelial adhesion and the invasive phenotype, we examined the invasion of the partially transformed non-tumourigenic keratinocyte cell line H357 into collagen gels. We confirm our previous observations (9) using alternative fibroblast strains, which show that CM from GU-OSCC CAFs (H357F; BICR18F), but not GS-OSCC CAFs (BICR66F; BICR73F), stimulated the invasion of H357 keratinocytes in vitro (Supplementary Figure 4 , available at Carcinogenesis Online).
The data demonstrate that CAFs derived from GU-OSCC induce a pro-invasive phenotype in malignant keratinocytes by the induction of EMT and a reduction in intercellular adhesion.
TGF-β mediates the effect of CAFs on keratinocyte adhesion and invasion
Since our in silico data indicated that TGF-β2 was an important secretory molecule of CAFs and both TGF-β1 and TGF-β2 were overexpressed by CAFs, we wanted to examine whether TGF-β isoforms acted as intermediaries in CAF-induced EMT, inhibition of epithelial dis-cohesion and induction of keratinocyte invasion in vitro. With regard to EMT, we demonstrate that anti-TGF-β antibodies inhibited EMT as demonstrated by the attenuation of E-cadherin and vimentin expression following the treatment of H357 keratinocytes with CM from H357F; the effect was most marked using a pan anti-TGF-β antibody and an anti-TGF-β2 antibody ( Figure 6A ). With respect to CAF-induced epithelial discohesion ( Figure 6B ), we show that a pan anti-TGF-β antibody attenuated the dys-cohesive effects of GU-OSCC CAFs (H357F; BICR82F; BICR 18F), where H357 keratinocytes was used as target cells and when small epithelial fragments were counted ( Figure 6B) ; similarly, anti-TGF-β1 and anti-TGF-β2 antibodies attenuated the induction of epithelial discohesion by GU-OSCC CAFs (H357F; Figure 6C ). With regard to CAF-induced epithelial invasion in vitro, a pan anti-TGF-β antibody inhibited the invasion H357 keratinocytes into collagen gels following stimulation by GU-OSCC CAFs (H357F; BICR82F; BICR18F; Figure 6D ), and the effect was also achieved using anti-TGF-β1 and anti-TGF-β2 antibodies ( Figure 6E) .
Taken together, the data demonstrate that CAFs derived from GU-OSCC induce EMT and, in addition, weaken epithelial cell-cell adhesion and promote invasion of malignant keratinocytes via TGF-β-dependent pathways.
Discussion
In the present study, we identified key molecules secreted by CAFs in oral cancer. Using a network analysis approach we show that the network formed by INHBA, TGFB2, IGFBP3 and IGFBP7 had high connectivity, thereby implying biological relevance. Previous studies have shown that insulin-like growth factor -binding proteins are expressed at high levels by both activated and senescent fibroblasts (10) , but the present study is the first to highlight a potential role for INHBA. INHBA is a subunit of both activin and inhibin, two closely related glycoproteins with opposing biological effects that belong to the TGF-β superfamily and that function through the Smad 2/3 canonical signal transduction pathway (20) . Recent data have shown that INHBA is an important constituent of the senescence-associated seceretory phenotype and induces paracrine senescence in normal cells both in vitro and in vivo (21) . INHBA is also significantly upregulated in a broad spectrum of malignant tumours (22) (23) (24) (25) , including those of the head and neck (26, 27) . The present report, however, is the first to show that INHBA is up-regulated in CAFs and has biophysical significance. Our unpublished data also show that INHBA has prognostic significance in terms of patient outcome (N.Cirillo, unpublished observations). The up-regulation of TGF-β2 was also particularly interesting because TGF-β2 has been identified at the tumour-stroma interface (28), stromal regulation of epithelial cell adhesion in the prostate gland occurs in a TGF-β2-dependent manner (29) and the ligand plays a key role in the pathogenesis of a variety of different tumours (30) (31) (32) .
The role of TGF-β in tumour progression, however, is complex. In the early stages of epithelial tumorigenesis, TGF-β is thought to have a suppressor role by inducing cell cycle arrest and apoptosis whereas in the later stages, when the tumour cells become resistant to growth inhibition by TGF-β, the cytokine acts to promote tumour progression by stimulating invasion, angiogenesis and metastases, together with inhibiting immune surveillance (33) . In the present study, network analysis identified TGF-β family members as having possible biological relevance to the behaviour of CAFs from OSCC. We extended these observations and showed that both TGF-β1 and TGF-β2 protein expression was up-regulated in CM from GU-OSCC CAFs relative to fibroblasts from GS-OSCC or normal oral fibroblasts. The results demonstrate that overexpression of TGF-β in OSCC is not a ubiquitous characteristic of CAFs as once thought (34) but rather is a specific feature of CAFs in GU-OSCC. The magnitude of TGF-β overexpression could be even bigger in vivo, as suggested by the finding that three-dimensional co-culture of CAFs and cancer cells results in a considerably larger production of TGF-β compared with 2D cultures (35) . Previous studies by our group have shown that the majority of human OSCC cell lines remain responsive to TGF-β1 (36) and that overexpression of either TGF-β1 or TGF-β2 in TGF-β-responsive human squamous cell carcinoma lines results in a more aggressive phenotype (37) . The results of the present study, therefore, may have clinical implications; it is tempting to speculate that the use of TGF-β inhibitors may be of more therapeutic benefit in GU-OSCC than GS-OSCC.
It is now well established that senescent fibroblasts, generated as a result of replication, oncogenic stress or oxidative DNA damage, induce EMT in breast cancer cell lines (10) . In the present study, we show that CM from GU-OSCC CAFs, which are known to be senescent (8) , induced EMT in partially transformed keratinocytes. EMT was not induced by the non-senescent GS-OSCC CAFs and was not induced in the immortal HaCaT cell line. The results are in keeping with the previous findings in different cell systems. Interestingly, cells that undergo EMT acquire stem cell-like D) . Serum-free media and CM from normal fibroblasts (NHOF1 were used as controls. *P < 0.05; ** P < 0.01.
properties such that they gain the capacity to self renew and form secondary tumours at distant sites (38) via TGF-β signalling (39) . Taken together, the results suggest that cancer cell 'stemness' is regulated, albeit in part, by the tumour stroma. We believe that this observation raises important clinical issues. The consequences of developing an activated/senescent stroma during healing of a biopsy wound may be the development of EMT and the induction of stem cell-like behaviour in the overlying epithelium. It follows, therefore, that a partially transformed epithelium, as might be seen in a premalignant lesion, would be particularly susceptible to progression after a surgical biopsy. This reasoning argues strongly for the urgent need to develop non-invasive techniques for the assessment of premalignancy.
Desmosome proteins, the main components of keratinocyte intercellular adhesion, are derived from the cadherin, plakin and armadillo gene families; the cadherins are subdivided into desmogleins (DSG1-4) and desmocollins (DSC1-3), the plakins include desmoplakin I/II and the armadillo proteins consist of plakoglobin (PG) and plakophilins (PKP1-4); armadillo proteins and desmoplakin link desmosomes to the underlying intermediate cytoskeleton. The role of these cell-cell adhesion molecules in cancer is unclear. Low transcript levels of DSG3, DSC2/3, DP, PG and PKP1, for example, have been reported in a large panel of immortal oral dysplasia and carcinoma cell lines (40) , but DSG3 appears to be overexpressed in head and neck cancer (41) and is associated with cancer cell migration and invasion (42) . Mutations of genes encoding cell adhesion molecules, however, are rare (43, 44) suggesting that they may be regulated, at least in part, by the tumour stroma. The results of the present study are consistent with this view because we show that senescent fibroblasts from GU-OSCC down-regulate a broad spectrum of cell adhesion molecules resulting in keratinocyte dis-cohesion.
It is now recognized that there are multiple ways in which stromal fibroblasts influence the behaviour of cancer epithelial cells. CAFs are known to regulate epithelial proliferation (21), disrupt epithelial differentiation (45) , alter the metabolism of cancer cells and induce genomic instability (46) and induce EMT (10) . In the present study, we show that CAFs from GU-OSCC, but not GS-OSCC, induced EMT in target epithelial cells. Further, we demonstrate down-regulation of a broad spectrum of epithelial cell adhesion molecules in response to CAFs from GU-OSCC leading to epithelial dis-cohesion. There was some overlap in the capacity of TGF-β1 and TGF-β2 to mediate the stromal regulation of epithelial cell adhesion, but this most probably reflects the 70-80% homology of their amino acid sequences (47) . These data, combined with our observations that CAFs from GU-OSCC induce keratinocyte invasion in vitro, argue that a primary function of senescent CAFs is to regulate epithelial cell adhesion. The fact that the disruption of epithelial adhesion and promotion of epithelial invasion by CAFs from GU-OSCC occurred in a TGF-β-dependent manner in this study is consistent with previous observations (48, 49) . More important, the data also agree with the events in vivo, where TGF-β signalling is low in the bulk of primary tumours but is greatest around the tumour margins and blood vessels where it switches cancer cells from a cohesive to single-cell motility (50) .
The TGF-β-dependent disruption of epithelial adhesion mediated by CAFs involves the activation of MMPs, including MMP-2 (51). MMP family members are part of the desmosomal Figure 6 . TGF-β acts as an intermediary in fibroblast-epithelial interactions. Western blot analysis demonstrating attenuation of EMT in H357 keratinocytes by GU-OSCC CAFs (H357F) using pan-TGF-β (5 μg/ml), anti-TGF-β1 (0.05 μg/ml) and anti-TGF-β2 (1 μg/ml) antibodies (A). Loss of epithelial cohesion in H357 keratinocytes treated with CM from GU-OSCC CAFs (H357F; BICR82F; BICR18F) using a pan-TGF-β antibody (B); similar effects were demonstrated using anti-TGF-β1 and TGF-β2 antibodies (C). Attenuation of epithelial invasion of H357 keratinocytes treated with CM from GU-OSCC CAFs (H357F; BICR82F; BICR18F) using a pan-TGF-β antibody (D); similar effects were demonstrated using anti-TGF-β1 and TGF-β2 antibodies (E).
interactome (14) and have been reported to cleave desmosomal protein during apoptosis (52, 53) ; hence, it is likely that MMP-2 weakens cell-cell adhesion by proteolytic targeting of desmosomes. It is also possible, however, that TGF-β signalling down-regulates the expression of cell adhesion molecules via transcriptional or translational mechanisms. In addition to intercellular cohesion, matrix metalloproteinases can also modulate cell-extracellular matrix adhesion by degrading integrins and components of the basement membrane. Therefore, the ability TGF-β members to work in concert with matrix metalloproteinases raises the possibility that these two classes of molecules operate synergistically to promote the disruption of the basement membrane and subsequent invasion of connective tissues by cancer cells. Further studies are needed to confirm this hypothesis.
In summary, the results of this study show that TGF-β family members are secreted by CAFs from GU-OSCC and have biological relevance. TGF-β1 and TGF-β2 are overexpressed in non-proliferating, senescent CAFs from GU-OSCC, but not in proliferating, non-senescent CAFs from GS-OSCC or normal fibroblasts. CAFs from GU-OSCC induced EMT and down-regulated a broad spectrum of epithelial cell adhesion molecules resulting in epithelial discohesion and invasion in vitro in a TGF-β dependent manner.
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